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Triply Periodic Co-Continuous Piezocomposites (TPC), which consist of a ferroelectricceramic phase and an elastic-polymer phase continuously interconnected in three
dimensions (3D), are emerging flexible piezoelectric materials with high efficiency in
absorbing and converting multi-directional mechanical stimuli into electrical signals and
vice versa. Current TPC piezocomposites cannot be achieved with controlled piezoelectric
properties due to the limited capability of traditional fabrication methods in carefully
controlling the morphology of each phase. A newly developed Suspension-Enclosing
Projection-Stereolithography (SEPS) process thus was proposed. Sintered ceramic
skeletons contain various kinds of microstructural features such as differently oriented
grains, distinct grain size, and residual pores. A two-scale model including ceramic grain
and composite scale, where Fourier Spectral Iterative Perturbation Method (FSIPM) and
Finite-element Method was adopted for calculation, respectively, was employed to
systematically evaluate the microstructural and geometrical effects on the piezoelectric
responses of the TPC piezocomposites. Here we show that high textured grains were found
to play a dominant role in determining piezoelectric properties. While pores, especially

connected pores, although counterintuitive, could even enhance hydrostatic piezoelectric
performances. TPC piezocomposites, especially Body-Centered-Cubic (BCC), possess
tremendously higher piezoelectric performances than Bowen’s structure does between
25% to 60% of the volume fractions of ceramics. This is due to significantly higher stress
transfer efficiency within these triply periodic microstructures, which shows their great
potential in hydrophone and underwater acoustic applications.
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CHAPTER I
INTRODUCTION
1.1

Research overview
Microstructures of materials, which differ under various processing conditions,

usually consist of phases or constituents with different compositions and/or structures. The
physical properties of the materials, however, are complicated. Their nonlinear functions
or combinations of the properties of these constituents, are closely related to their
morphologies, sizes, volume fractions and spatial distributions. For example, uniformly
dispersed second-phase nano-particles in a metal matrix can greatly enhance the strength
of the metal [1]; conductive fibers with volume fractions near the percolation threshold can
form interconnected networks to nonlinearly enhance the conductivity of the composites
[2]. To optimize the properties of materials, it is essential to understand the microstructureproperty relationship, which is one of the central topics in materials science.
Numerous efforts have been devoted to understanding the microstructure-property
relationship for different materials throughout the history of materials science [3]. The trialand-error-based experimental investigations, although time-consuming, have accumulated
valuable guidance for the microstructure control and design. Meanwhile, benefiting from
the computational methods to predict the microstructure evolution and the corresponding
materials properties, not only the conventional microstructure design process can be
accelerated, but new design thoughts can also be put into practice. For example, different
1

from the conventional materials design process through the optimization of processing
parameters, the materials design can, alternatively, be realized by the “inverse” process
driven by the desired materials properties [4] through a “design-analysis-manufacturingcharacterization” circle Fig. 1.1, in which a microstructure optimization cycle is embedded.
In the microstructure optimization cycle, a widely used phase-field model is employed
to design the microstructures [5-7] or regenerate the microstructures based on
experimentally microstructural images, which are calculated using Fourier Spectral
Iterative Perturbation Method (FSIPM) or Finite-element Method (FEM) to predict the
piezoelectric properties until desired properties are acquired. Additive printing process [5]
is then adopted to fabricate the microstructures because of its superiority over conventional
foam fabrication techniques in manufacturing complicated geometry. Experimental
characterization such as piezoelectric properties and microstructural features including
volume fraction of porosity and grain size distribution are subsequently conducted.

Figure 1.1

Research overview, where the simulation part marked by the black dashed
rectangular is the main work of mine.
2

1.2

Motivation
Mechanical flexibility and piezoelectricity are two seemingly conflicting properties

existing in state-of-the-art piezoelectric materials that produce electrical signals in response
to applied mechanical stress or vice versa. For example, ferroelectric ceramics, such as
Lead Zirconate Titanate (PZT) and Barium Titanate (BTO), possess excellent piezoelectric
properties, but are extremely brittle in response to mechanical shocks or tensile strains [811],piezoelectric polymers, such as polyvinylidene difluoride (PVDF), are sufficiently
flexible to withstand mechanical shocks but typically have poor energy conversion
efficiency [12]. This conflict limits the application of piezoelectric devices such as
hydrophone and actuators [13] under harsh environments and extreme loading conditions.
There is a need for next generation piezoelectric materials exhibiting a superior property
combination of mechanical flexibility and piezoelectricity.
A typical strategy to achieve a piezoelectric material with both mechanical
flexibility and piezoelectricity is to combine ferroelectric ceramics with elastic polymers
and form a piezocomposite. The elastic polymer phase increases flexibility of the materials,
while the ceramic phase introduces large piezoelectric properties to the composite. Based
on the connectivity patterns between the ceramic and polymer phases [13, 14],
piezocomposites can be represented by an index of two numbers, e.g. 1-3, as shown in Fig.
1.2. The first number indicates the dimension in which the active phase (i.e., ferroelectric
ceramic) is self-connected and the second number denotes the dimension in which the
passive phase (i.e., elastic polymer) is self-connected.

3

Figure 1.2

Main connectivity patterns of piezoelectric composites. (a) 0-3 connectivity
(b) 1-3 connectivity (c) 2-2 connectivity (d) 3-3 connectivity

Of all the most studied connectivity patterns, including 0-3 [15-17], 1-3 [18], 2-2
[19] and 3-3 [20-22], 3-3 piezocomposites appear to be the most promising architecture
which have demonstrated higher flexibility and piezoelectricity than the others, as depicted
in Fig. 1.3 [5]. A 3-3 piezocomposite has its two phases interconnected in three-dimension
(3D) and is hence called co-continuous piezocomposite. In such a material, the interface
between the two phases is a 3D continuous surface. According to our recent work [5], the
geometry of the phase interface of a co-continuous piezocomposite plays an important role
in

promoting its

piezoelectric

properties.

However,

traditional

co-continuous

piezocomposites are usually produced by manufacturing a porous piezoelectric-ceramic
structure via conventional foam fabrication techniques and subsequently impregnating the
porosity with a polymer [22-25]. The resultant structures possess a poor 3D
interconnectivity between the phases and thereby attain an unconnected phase interface
[22-25]. With such a phase interface, the potential of co-continuous architectures in
4

enhancing mechanical flexibility and piezoelectricity has not yet been fully exploited in
the traditional co-continuous piezocomposites to date.

Figure 1.3

1.3

Hydrostatic Figure Of Merit of different type connectivity patterns [5].

Purpose of this paper
As an example of the “design-analysis-manufacturing-characterization” circle, we

present the property-driven inverse design of microstructures in a co-continuous
piezocomposite with a fully 3D continuous phase interface defined by triply periodic
minimal surfaces. These interfaces have significantly higher stress transfer efficiency with
respect to the traditional porous interfaces, which subsequently contribute to the superior
piezoelectric properties of the piezocomposite [26]. Moreover, a new additive
manufacturing (AM) had been utilized to fabricate (Triply Periodic Co-continuous) TPC
piezocomposites, which were then sintered, polymer infiltrated and poled subsequently.
Various kinds of microstructural features such as differently orientated grains, distinct
grain sizes, residual pores can be found in sintered ceramics [27-31] through nondestructive
5

techniques such as Scanning Electron Microscope (SEM). Obviously, methodically
evaluating the effects of these microstructural feature will be invaluable to understand the
performance of ceramics and provide guidance for further improvement through
optimizing microstructures and processes.
Hence, a two-scale model including ceramic grain and composite scale was employed,
where the calculations of piezoelectric properties of ceramics and TPC piezocomposites
were fulfilled by Fourier Spectral Iterative Perturbation Method (FSIPM) and FiniteElement Method (FEM), respectively. Firstly, effective piezoelectric properties of
ceramics were calculated, which were then input into the composite scale to evaluate the
piezoelectric responses of TPC piezocomposites.
The reasons we made use of FSIPM in the calculations of ceramic grain scale include
their low computation cost, and advantages in calculating problems of periodic boundary
conditions that exactly correspond to the consideration that only small part of ceramics
would be used to represent the whole ceramics in the calculations [32, 33]. Besides, the
fact that ceramics are extremely brittle and cannot withstand large deformation matches
that plastic deformation is intrinsically not included in the algorithms of FSIPM. On the
other hand, the finite-element method is the appropriate choice for composite level, since
it enables to capture the geometrically nonlinear response of the microstructures subjected
to the external stimuli [34]. Such a nonlinear geometrical change is commonly found in the
polymer-based materials or composites due to their soft nature. In addition to the
geometrically linear and/or nonlinear elastic responses, material nonlinearity, e.g.,

6

hyperelastic and plastic behavior of the microstructure can also be predicted using the
finite-element analysis with the proper constitutive model.
We then summarized and discussed the microstructural and geometrical effects of TPC
piezocomposite in the ceramic grain and composite scale, respectively, followed by
conclusions and future work. Thereby, this paper is organized as follows: design of the
new 3-3 piezocomposite macrostructures is introduced in section 2; fabrication of the 3-3
piezocomposites is presented in section 3; methodology of a two-scale model of numerical
analysis, and experimental analysis are introduced separately in section 4, and 5; results
and discussion are given in section 6; conclusions and future work are discussed in section
7 and 8, respectively.

7

CHAPTER II
MACROSTRUCTURE DESIGN METHOD
A co-continuous piezocomposite is composed of a ferroelectric ceramic phase and a
flexible polymer phase. The ferroelectric ceramic phase contributes to the final
piezoelectricity of the piezocomposite material, and the polymer phase determines the
mechanical flexibility. The overall physical properties of the piezocomposite are dependent
on the morphologies of the interfaces between the two phases.
In recent years, there has been a growing interest in designing the interfaces of cocontinuous composites with triply periodic minimal surfaces [35-37] for enhanced
mechanical properties. These surfaces provide better elastic properties and load transfer
and exhibit a unique combination of stiffness, strength and energy absorption as compared
with the other geometric arrangements of the constituents [36]. These excellent properties
offer the potential to produce flexible piezocomposites with high piezoelectricity. Inspired
by these studies, we employ triply periodic minimal surfaces to design the phase interfaces
of co-continuous piezocomposites. The achieved co-continuous piezocomposites are
named as triply periodic co-continuous (TPC) piezocomposite.
According to the previous studies [35, 38, 39], triply periodic minimal surfaces can be
approximated by the well-established level set structures. In this paper, three types of level
set structures are considered, including simple cubic (SC), face-centered-cubic (FCC) and
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body-centered-cubic (BCC), as shown in Fig. 2.1. These three level set structures are
defined by the following equations:

 2 x 
 2 y 
 2 z 
f sc ( x, y, z ) = cos 
 + cos 
 + cos 
+t = 0
 l 
 l 
 l 

(2.1)

 2 x 
 2 y 
 2 y 
 2 z 
f bcc ( x, y, z ) = cos 
 cos 
 + cos 
 cos 
+
 l 
 l 
 l 
 l 
 2 z 
 2 x 
cos 
 cos 
+t = 0
 l 
 l 

(2.2)

 2 x 
 2 y 
 2 z 
 4 x 
 4 y 
f fcc ( x, y, z ) = 4 cos 
 cos 
 cos 
 + cos 
 cos 
+
 l 
 l 
 l 
 l 
 l 
 4 y 
 4 z 
 4 z 
 4 x 
cos 
 cos 
 + cos 
 cos 
+t = 0
 l 
 l 
 l 
 l 

(2.3)

where (x, y, z) is the coordinate of a point on the interface, 𝑙 is the edge length of the
bounding box of a unit cell, t is a constant that determines the volume fraction of the phase
inside the interface with respect to the unit cell.

Figure 2.1

Phase interfaces of simple cubic, face-centered-cubic, and body-centeredcubic with different volume fractions of ceramics
9

By changing the value of parameter t in Eq. (2.1) - (2.3), different interfaces
representing different volume fractions of ceramics can be generated, as demonstrated in
Fig. 2.1. Given a specific volume fraction, its corresponding parameter t can be obtained
from the relationships given in Fig. 2.2, which were calculated from the solid triangular
mesh of each level set structure. Note that only those interfaces with interconnected pores
and no pinch-off [39] are used.

Figure 2.2

The relationships between volume fraction of ceramic phase and parameter
t

10

CHAPTER III
FABRICATION METHOD OF TPC PIEZOCOMPOSITES
3.1

Overview of the fabrication method
After a phase interface is defined for a TPC piezocomposite, the volume within the

interface is designed as the ferroelectric ceramic phase and that outside the interface is
corresponding to the flexible polymer phase. To construct this TPC piezocomposite, the
volume inside the interface is first converted into a computer-aided-design (CAD) model
of the ceramic phase. The CAD model is then input into a newly developed additive
manufacturing process to build a ceramic lattice structure, as shown in Fig. 3.1(a) and (e).
Afterwards, the interconnected pores within the ceramic lattice structure are infiltrated with
a flexible polymer, as shown in Fig. 3.1(b) and (f). The flexible polymer together with the
ceramic phase comprise the TPC piezocomposite structure containing the defined phase
interface. Following that, the obtained TPC piezocomposite structure undergoes postprocessing, including electroding, wiring and poling, to induce piezoelectric functionalities
(refer to Fig. 3.1(c), (d), (g) and (h))

11

Figure 3.1

3.2

Schematic of sample preparation process and the corona poling apparatus

Additive manufacturing of piezoelectric ceramic phase
Stereolithography has been used to fabricate complex ceramic components since the

1990s [40]. In this process, a mixture of ceramic powders and photocurable binder is
solidified by a light source into a 3D object in a layer-by-layer manner. The 3D object,
which is comprised of ceramic particles and organic binders, is then heated in furnaces to
burn out the binder and densify the ceramic particles. The densified ceramic part of interest
is left behind as the final product. In our prior research [41, 42], piezoelectric ceramic
structures had been successfully fabricated via a tape-casting-integrated stereolithography
process. However, this process has limitations in fabricating triply periodic piezoelectric
lattice structures presented above. That is because these structures can easily delaminate or
12

crack under the force generated during the process, in particularly when the porosity is
high, as a result of a small bonding force [41, 42] between neighboring layers caused by
the extremely low photosensitivity of the feedstock materials.
In this research, a Suspension-Enclosing Projection-Stereolithography (SEPS) process
is used to fabricate the piezoelectric ceramic phase. The SEPS fabrication system is
described in Fig. 3.2(a). The system consists of an enclosing chamber, a light engine, a
cure platform, a double-doctor blade, and a slurry container. The slurry container is filled
with a piezoelectric ceramic slurry with a high yield stress. This material exhibits a solidlike behavior when the shear stress is low. This rheological property enables the use of a
free-surface coating mechanism to achieve layer recoating in the SEPS process, i.e.,
coating a thin slurry layer with its surface exposure to the air. This free surface layerrecoating mechanism eliminates the layer separation procedure required in traditional SLA
processes [43, 44] and thereby avoid potential delamination or cracking resulting from the
layer separation procedure. Moreover, the SEPS process holds a promise for fabrication of
high-porosity structures through a static suspension-enclosing method, which can protect
the structures from damage under hydrodynamic forces introduced by the process
movement. More details can be found in our recent paper [45].

13

Figure 3.2

Schematic of the Suspension-Enclosing Projection Stereolithography
process.

The SEPS fabrication process is described in Fig. 3.2(b). The fabrication steps are
summarized as follows: the double doctor blade is positioned at the right side of the system
and its container is filled with a piezoelectric ceramic slurry (step 1). When the fabrication
is initialized, the cure platform moves down for a distanced, the doctor blades move across
the cure platform and fill the volume enveloped by the platform and the chamber with
slurry. Then the platform moves up for a distance d-δ. Following that, the doctor blades
move from left to its original position and spread the slurry into a thin layer with a thickness
of δ. Finally, the light engine is activated to project an image pattern on the surface of the
slurry. These procedures are repeated until a 3D object is finished.
A lattice structure fabricated by the SEPS process contains both ferroelectric ceramic
particles and undesired polymeric binders. Therefore, two post-processing steps are
required to remove the polymeric binder and densify the ceramic particles of interest left
behind, including debinding and sintering [41, 42]. Debinding was performed in an argon
atmosphere in a tube furnace (STF150, Carbolite-Gero LLC, Hope Valley, UK). The
heating rate was 1 oC/min. The debinding dwell time and temperature were 600 oC for 180
minutes. Sintering was carried out in a regular muffle furnace (HTF18, Carbolite-Gero
14

LLC, Hope Valley, UK) under a dwell temperature of 1330 oC for 240 minutes. More
details about the temperature schedules for the debinding and sintering processes were
discussed in our previous work. Interested readers may refer to [41, 42].
3.3

Polymer infiltration process
The obtained ferroelectric ceramic lattice structure has interconnected micro-pores

that require to be infiltrated with flexible polymers to form a TPC piezocomposite. The
polymer used in this study is Polydimethylsiloxane (PDMS, Sylgard-184, Dow Corning,
Michigan, US). This elastomer material has a viscosity of 3500 cP [46] before curing and
a young’s modulus of about 2 MPa [47] after curing and is suitable for the infiltration. The
infiltration was performed in a vacuum for 12 hours to allow a full saturation of pores
inside the lattice by the PDMS liquid. Only the volume between top and bottom surfaces
of the lattice structure was infiltrated with PDMS. Finally, the piezoelectric-ceramic lattice
structure together with the infiltrated PDMS was heated at 100 oC until the PDMS was
fully cured. Any excess PDMS beyond the top and bottom surfaces was removed with a
cutter.
3.4

Electroding and poling
The TPC piezocomposite achieved so far exhibits no piezoelectric properties until the

following post-processes are conducted. Both top and bottom surfaces of the TPC
piezocomposite were first coated with silver ink or copper tapes as the electrodes. An
electrical wire was soldered onto each electrode (refer to Fig. 3.1(c) and (g)), and the TPC
piezocomposite structure with electrodes and wires was capsulated with more PDMS. The
final structure is given in Fig. 3.1(i).
15

As the last step, poling was performed to induce piezoelectricity in the TPC
piezocomposite structure. In this research, all samples were poled using a corona discharge
technique [18, 22, 24, 48]. The corona poling technique uses a corona needle to apply an
electric field between the sample surfaces. The corona needle was put 35 mm above a
copper plate on a hot plate, and the applied electric field was 13 kV. The temperature of
the hot plate was set to 115 oC and the poling period was for 10 minutes. An apparatus
used for the corona poling is shown in Fig. 3.1(j).

16

CHAPTER IV
METHODOLOGY OF A TWO-SCALE MODEL
4.1

Overview of the two-scale model
The material system of interest in this study is a polymer-ceramic composite, where

the polymer-based matrix is soft and flexible while the ceramic embedded in the matrix is
ferroelectrics (e.g., BaTiO3 (BTO) or PbZrxTi1-xO3 (PZT)) serving as piezoelectric
energy generation source. A Two-scale model is proposed to evaluate the microstructural
and geometrical effects on the piezoelectric properties of TPC piezocomposite. The lower
scale is a ceramic grain scale, where a widely used phase-field grain growth model [6, 49]
is employed to regenerate the microstructures based on experimentally microstructural
images, which will be calculated by a Fast Fourier Transformation (FFT)-based method to
predict the statistical piezoelectric properties [50]. The effective piezoelectric properties of
ceramics is then input into the upper level, composite scale, where piezoelectric properties
are calculated using geometrically nonlinear microstructure-sensitive finite-element
simulations [5].
The reasons we made use of FSIPM in the calculations of ceramic grain scale include
their low computation cost, and advantages in calculating problems of periodic boundary
conditions that exactly correspond to the consideration that only small part of ceramics
would be used to represent the whole ceramics in the calculations [32, 33]. Besides, the
fact that ceramics are extremely brittle and cannot withstand large deformation matches
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that plastic deformation is intrinsically not included in the algorithms of FSIPM. On the
other hand, the finite-element method is the appropriate choice for composite level, since
it enables capturing of the geometrically nonlinear response of the microstructures
subjected to the external stimuli [34]. Such a nonlinear geometrical change is commonly
found in the polymer-based materials or composites due to their soft nature. In addition to
the geometrically linear and/or nonlinear elastic responses, material nonlinearity, e.g.,
hyperelastic and plastic behavior of the microstructure can also be predicted using the
finite-element analysis with the proper constitutive model.

4.2

Ceramic grain scale
To systematically evaluate the effects of microstructural features on piezoelectric

properties, some experimentally microstructural images were obtained through
nondestructive techniques such as Scanning Electron Microscope (SEM) as shown in Fig.
4.1. These images were obtained from the specimen of FCC. Plenty of pores which are
isolated and mainly located at grain boundaries could be observed in Fig. 4.1(b) as marked
by white dashed circles. The range of grain size is between 12.8 and 218.4 μm with an
average value 72.3 μm. The detailed statistical analysis of grain size distribution and
volume fractions of porosity were discussed in the next section.
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(b)

(a)

1 mm
Figure 4.1

4.2.1

50 μm

(a) A sample image of a FCC specimen obtained by Scanning Electron
Microscope. (b) Pores of irregular shape can be observed as marked by white
circles.

Microstructure regeneration via Phase-field grain growth model

To understand the details of these microstructural features, statistics was conducted
such as grain size distribution and volume fractions of porosity based on experimentally
microstructural images. Specifically, in terms of grain size distribution, the shape of grains
was assumed to be sphere, and the dimeter of each grain was defined as Rv, which were
then normalized by the average diameter <Rv> of all the grains. Following that, the grain
size distribution as shown in Fig. 4.2 was obtained [6]. With respect to the volume fractions
of porosity, the number of coordinate points was counted within each pore, which were
added up and subsequently divided by the number of all the points in each image. The
maximum volume fraction of porosity is 3.36%, and the minimum is 2.22% as shown in
Fig. 4.3, which agrees well with commonly observed volume fractions of porosity of
sintered ceramics [27-31, 50].

19

Figure 4.2

Normalized grain size distribution based on experimentally obtained
microstructural images.

Figure 4.3

Volume fractions of porosity obtained based on the 5 images of one FCC
specimen.

Following that, phase-field grain growth model was employed to regenerate the
microstructures based on these statistically microstructural features such as random grain
orientation, grain size distribution and volume fractions of porosity. Specifically, in the
phase-field model for grain growth processes, a set of order parameters  g g =1,...,G is used
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to describe the G grains with different orientations; inside each grain only one order
parameter is active with  g = 1 , while all the other order parameters are zero. The order
parameters vary continuously from 0 to 1 near the grain boundaries.
The total free energy F of the polycrystalline microstructure is constructed as:
G

2

F =   f 0  g  +  (  g )  dV
V
g =1 2



(

(

)

(4.1)

)

where the first term f 0  g  is the local free energy density of the grain structures and the
second term is the gradient energy density which corresponds to the part of grain boundary
energy originated from the inhomogeneous distribution of order parameters near the grain
boundaries, where κ is the gradient coefficient. We use the following formulation for the
local free energy density:

(

f 0  g 

)
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(4.2)

where α, β and γ are positive constants with α=β=γ=1 used in this study. Starting from the
randomly distributed grain nuclei, the microstructure evolution, i.e., the grain growth
process to reduce the total grain boundary energy in the system, is obtained by solving the
governing Allen-Cahn equation:

 g
t

= −L

 f

F
= − L  0 −  2 g 
 

 g
 g


where L is a positive kinetic coefficient.
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(4.3)

To mimic microstructural features such as orientation and size distribution of grains,
computer simulations were performed on a simple cubic lattice with 60×60×60 grid points,
G=100 order parameters, lattice step size Δx=2, and time step Δt=0.1 [6].
During evolution microstructures, starting from the randomness of distributed grain
nuclei at the beginning, random grain orientation could be maintained. In terms of grain
size distribution, the size of a grain in the simulation cell was determined by counting the
lattice points located within the boundaries of the grain multiplying by (Δx)3 to obtain the
grain volume V, and then defined Rv to be the diameter of a sphere of equivalent volume
of the grain that is Rv = (6V /  )1/3 . Averaging over all the grains present in the cell, we
obtained the time evolution of Rv plotted at specific time steps t= 30, 50, 100, 200, and
400, respectively as shown in Fig. 4.4 [6]. The microstructures generated at the time step
(t=100) was selected due to its grain size distribution is the most identical to the distribution
of experimental images, which is shown in Fig. 4.5.

Figure 4.4

Grain size distribution comparison between the experiment and
microstructures generated via phase field evolution at different time step
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Figure 4.5

Comparison of grain size distribution between experimentally obtained
microstructural images of FCC specimen and the microstructure obtained at
time step t=100 of phase-field grain growth model.

Pores are considered to distribute isolated in ceramics or to distribute connected with
each other at GBs [20, 30, 51]. The pores observed in our experimental images are basically
isolated and located at grain boundaries. To regenerate the microstructural features of these
two types of pores, the value discrepancies of order parameters  g g =1,...,G , which vary
continuously from 0 to 1 near the grain boundaries and 1 within grains, were taken
advantage of. To obtain desired volume fractions of porosity for connected pores, one
simply is required to set the corresponding threshold of the square of order parameter such
as  2 g 

g =1,...,G

 0.532 . While for isolated pores, since the value of order parameters within

grains is 1, like connected pores, targeted volume fractions of isolated pores could be
readily acquired through deleting corresponding number of lattice points within the grains
by setting the square of order parameter is larger than certain value, for instance

 
2

g

g =1,...,G

 0.986 . The regenerated microstructures of 3% volume fraction of connected

and isolated pores can be referred to Fig. 4.6(a)(c) and (b)(d), respectively.
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Figure 4.6

4.2.2

(a)

(b)

(c)

(d)

Pores within two regenerated microstructural models via phase-field grain
growth model as marked by black dashed circles, where (a) (c) are for
connected pores and (b) (d) for isolated pores.

Calculation of piezoelectric properties via FSIPM

After microstructures of ceramics based on experimentally obtained images were
regenerated, the Fourier Spectral Iterative Perturbation Method (FSIPM) was used to
calculate the piezoelectric properties of ceramics, which is an efficient and direct numerical
algorithm for solving equilibrium equations in a periodic system, especially for systems
with inhomogeneous properties [32, 52, 53]. The method is conceived based on that the
local mechanical and electrostatic response of a periodic heterogeneous medium can be
calculated as a convolution integral between the Green function of a linear reference
homogeneous medium and a polarization field that is proportional to the actual
24

heterogeneity of the fields. Because such type of integrals can reduce to a simple product
in Fourier space, the FSIPM can be utilized to transform the polarization field into Fourier
space and, in turn, to get the fields by inverse-transforming that product back to Cartesian
space. Given that the actual polarization field depends on a priori unknown fields, an
iterative scheme is indispensable to converge towards the equilibrated fields [33].
4.2.2.1

Equilibrium equations of Piezoelectric system

In a polycrystalline material, spatial material properties depend on the relative
orientation of different grains consisting of the polycrystal and thus are always
inhomogeneous. Since the grains are rotated with respect to a fixed coordinate system, the
elastic stiffness tensor, relative permittivity, and piezoelectric charging constant for each
grain can be obtained by transforming the tensor with respect to the fixed coordinate
system. Commonly, their corresponding position-dependent fields are defined by Eq. (4.4)(4.6), respectively [11, 17].

 ij ( r ) =  g2 ( r ) aipg a gjq pq

(4.4)

dijk ( r ) =  g2 ( r ) aipg a gjq akrg d pqr

(4.5)

Cijkl ( r ) =  g2 ( r ) aipg a gjq akrg alsg C pqrs

(4.6)

g

g

g

where  pq d pqr and C pqrs are the components of the relative dielectric permittivity,
piezoelectric coefficient and elastic stiffness tensors of grains in the local coordinate,
respectively; aipg is the transformation matrix tensor from the local to global coordinate.
Piezoelectric system involves two kinds of physics i.e., mechanics and electrics, which
contains mechanical and electrostatic equilibrium, respectively. In linear elastic systems,
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constitutive relations are formulated between the stress and strain fields, and the
mechanical equilibrium, through which the net force equals zero to insure the conservation
of linear momentum, imposes constraints on the stress fields:

   ij = 0

(4.7)

The mechanical equilibrium equation is applicable both for systems with applied
stress and/or strain, and for systems with eigenstrains. The constitutive formulation of the
piezoelectric system in this study is formulated as the strain-charge form, in which external
electric field is applied to piezoelectric materials in the poling direction, and no external
strain or stress is applied. Therefore, the piezoelectric system in this work belongs to that
with eigenstrains, in which the stress is further written as
 ij = Cijkl (  kl −  kl0 )

(4.8)

where C is the elastic stiffness tensor, ε the total strain tensor, and ε0 the eigenstrain tensor,
which is defined by
 kl0 = d T • E

(4.9)

Where d T is piezoelectric coefficient, E the externally applied electric field.
Combining Equation (4.7) and (4.8) leads to
 Cijkl kl ( r ) 
rj

 Cijkl kl0 ( r ) 
− 
=0
rj

(4.10)

In terms of the electrostatic equilibrium, according to Gauss’s law, an electrostatic
system obeys the equilibrium equation:

  Di ( r ) =  ( r )
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(4.11)

where D is the electric displacement, and  ( r ) is the free charge density. The position
dependent electric displacement Di(r) for dielectrics/ferroelectrics can be written as:
Di ( r ) =  0 ij ( r ) E j ( r ) + Pi S ( r )

(4.12)

where  0 ij ( r ) E j ( r ) is the electric-field induced polarization with  0 the vacuum
dielectric permittivity and  ij ( r ) is the position-dependent relative linear dielectric
constant; Pi S ( r ) is the spontaneous electric polarization that is non-zero in ferroelectrics
and polar materials. For system with no free charge such as the piezoelectric system in this
work, substituting Eq. (4.12) into Eq. (4.11), it can be rewritten as:

  ij ( r ) E j ( r ) 
ri

4.2.2.2

−

  Pi S ( r ) /  0 
ri

=0

(4.13)

Numerical algorithm of FSIPM

Solving these two equilibrium Eq. (4.10) and (4.13) usually involves inhomogeneous
material coefficient and eigen-field. In terms of inhomogeneous material coefficient such
as elastic stiffness tensor C and dielectric constant tensor κ, they can be separated into a
homogeneous part and an inhomogeneous perturbation, i.e., C= C0+∆C and κ = κ0+∆κ,
respectively, where C0 and κ0 indicate homogeneous part, ∆C and ∆κ represent
inhomogeneous part. As for eigen-field such as stress-free strain in stress equilibrium
equations and electric displacement D, they can lead to the elastic strain εel = ε−ε0 and
electric displacement D= DE− Ps, respectively, where DE is the electric-field induced
polarization and Ps the spontaneous electric polarization. If Ps is defined as D0 =−Ps, we
have D= DE−D0.
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Following the iterative perturbation scheme in [6, 7, 17], these two equilibrium
equations i.e. mechanical and electrostatic equilibrium can be solved. During calculations,
the tolerance values for both elastic and electrostatic solver are set as 2  10 −4 for the
convergence of solution. External electric field E = 2e7 (V / m ) is applied to the surfaces
of poling direction, i.e., z-direction. No external stress field is applied to the system. And
corresponding to the number of simulation grid of regenerated microstructure via phasefield grain growth model, the number of simulation grid nx , ny , nz and the simulation
size lx , ly , lz are set as 60  60  60 and 1000 1000 1000 (nm3 ) , respectively, due to
limited computation facility. Therefore, the grid size dx , dy , dz , which are obtained
through equations dx = lx / nx , dy = ly / ny , dz = lz / nz , respectively, all equal to 1000/60.
Poled BTO is selected in the calculation [54]. The elastic stiffness, piezoelectric
coefficients and dielectric relative permittivity of pores were set as 0, 0 and 1, respectively,
which are relatively small compared with the corresponding constants of BTO and
polymer. The material properties adopted in the piezoelectric responses such d33
piezoelectric charging constant, к33 dielectric relative permittivity are shown in Table 4.1.
Table 4.1

Adopted material properties for piezoelectric response calculations of
ceramic scale.

Piezoelectric charging
& Permittivity constant

Photocurable Resin
Polymer (PRP)

Barium Titanate
(BTO)

Porosity
(Air)

d31

-1.2 (pC/N)

-78 (pC/N)

0 (pC/N)

d32

-1.2 (pC/N)

-78 (pC/N)

0 (pC/N)

d33

3.6 (pC/N)

190 (pC/N)

0 (pC/N)

к33

8.4

1700

1
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4.3

Composite scale
After the effective piezoelectric properties of piezoceramics calculated by FSIPM

were obtained, they were input into composite scale, where FEM was employed to
calculate the effective piezoelectric properties of TPC piezocomposite via volume
homogenization method.
4.3.1

Finite-element method

The FEM is then used to predict the piezoelectric responses of the polymer-ceramic
composites under externally applied electric field, by taking a representative volume
element (RVE). Basically, the piezoelectric constitutive equations that couple the
mechanical and electric fields are [55-57]

D =  d   +  E

(4.14)

  =  S   +  d E

(4.15)

where  D is the electric displacement vector,   is the stress tensor,   is the strain
tensor,  E is the electric field,

C  is the elastic stiffness matrix,  d 

is the piezoelectric

matrix and   is the dielectric matrix at a constant mechanical strain. The Eq. (4.14) and
(4.15) describe direct and converse effect, respectively. Specifically, the mechanical strain
involves both geometrically linear and nonlinear parts by taking into account the large
deformation originated from the “soft” nature of polymer subjected to a certain large
mechanical loading, as

ε = ε L + ε NL
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(4.16)

where  L,ij =

1
1
ui , j + u j ,i ) and  NL,ij = ( uk ,i uk , j ) in which u is the displacement vector.
(
2
2

The governing equations can be written as

Di ,i = 0

(4.17)

 ij , j =0

(4.18)

where Eq. (4.17) and Eq. (4.18) correspond to the electrostatic and stress equilibrium in
the system, respectively. A fully coupled numerical scheme is utilized to solve these two
governing equations. A total Lagrangian algorithm together with the incremental
formulation is specifically proposed to model the large deformation in the fully
electromechanical coupling. Under geometrically nonlinear situations, the stress
equilibrium equation with respect to the reference (undeformed) configuration becomes:

0  P + B = 0

(4.19)

where P is the first Piola-Kirchhoff (PK1) stress and B is the body force.
In the finite-element method, the field of displacement u is employed as the variable.
The weak form of the problem (Eq. (4.19)) is obtained by using a test function,  u , which
satisfies necessary integrability conditions. The weak form in the reference configuration
is:



V0

P : 0 ( u ) dV0 =  S :  Ee dV0 =  B   udV0 +  T   u dS0
V0

V0

S0

(4.20)

where V0 is the reference volume, S 0 is the reference surface area, S is the second PiolaKirchhoff (PK2) stress, T is the surface traction, and Ee is the elastic strain tensor.
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To handle the geometric nonlinearity, the incremental formulation is usually used. For
a finite deformation, we have the following incremental relationships from time step t to
t + t :
t +t

u = t u + u

(4.21)

where u is the increment of displacement. By linearizing the variation of

 Win (u) =  S ( E(u) ) :  E ( u ) dV0 from time step t to t + t , where E is the GreenV
0

Lagrange strain tensor and  E is its variation, the following incremental local weak form
in the matrix form can be obtained:

(

 Win =  0 T u : S0 ( u ) + ( F )  0 u
V0

T

)

T

: C : ( F )  0 ( u ) dV0
T

(4.22)

where F is the deformation gradient and C is the elastic stiffness tensor.
The problem domain is then spatially discretized into elements. The displacement field
is interpolated by constructing the shape functions based on the elements:
Nin

u( X, t ) =  N n ( X, t )u n

(4.23)

n =1

where N n is the shape function associated with the n-th interpolation node, and N in is the
number of the interpolation nodes for the point of interest X  u n includes the nodal values
of the displacement.
After the spatial discretization, invoking the arbitrariness of the test functions, the
weak form in Eq. (4.22) can be expressed as a system of equation

Ku = f − f1
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(4.24)

where K is the global stiffness matrix, f is the external force and f1 is the internal force.
The nonlinear nature of Eq. (4.24) lies in that the right-hand side of the equation is also a
function of displacements. Therefore, we use the Newton-Raphson iteration:
u ( n +1) = u ( n ) + u ( n +1)

(4.25)

where u ( n ) and u ( n+1) are displacements for the Newton-Raphson iteration at n-th iteration
and (n+1)-th iteration, respectively, and u ( n+1) is the increment, which can be computed
as follows:
u ( n +1) = ( K ( n ) )

−1

( f − f1 )

(n)

(4.26)

All the governing equations together with the numerical schemes are implemented
through a commercial finite-element software package, COMSOL 5.2. The periodic
boundary conditions are used for RVE, whose size is set as 10  10 10 ( mm3 ) for all the
TPC composites. To establish grid independence, the system mesh was set with a smallest
element size of 0.05mm based on solution convergence trials. An external electrical field
2e7 (V / m ) is applied at the surfaces along the poling direction, i.e., z-direction. Note that
indices 1, 2, and 3 represent the x-, y-, and z-axes. No external stress field is applied to the
RVE.
4.4

Effective property calculation for both scales
Using the obtained equilibrium distributions of the strain and electric displacement

fields calculated by FSIPM and FEM based on the boundary conditions defined previously,
the effective piezoelectric coefficient tensor of the ceramics and TPC piezocomposites are
calculated as
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 rijeff =

1 Di
 0 E ext
j

d eff
ji =

i

E ext
j

(4.27)

(4.28)

where  rijeff and d eff
ji are effective relative permittivity and piezoelectric charging constant,
respectively, in Voigt notation.  0 is the vacuum electric permittivity. Di and  i are
effective electric displacement and strain, respectively, calculated by

Di =

1
Di (r )dr
V

(4.29)

i =

1
 i (r )dr
V

(4.30)

where Di and  i are spatial electric displacement and strain field, respectively.
Once we obtained effective piezoelectric charging constant and relative permittivity,
hydrostatic piezoelectric constants including hydrostatic charging constant dh, hydrostatic
voltage constant gh, and Hydrostatic Figure of Merit can be defined by [12, 15]

d h = d33 + d31 + d32
gh =

dh

 33

HFOM = d h g h

(4.31)
(4.32)
(4.33)

where d33, d31, d32 are piezoelectric charging constant, d31 and d32 have negative value, and

 33 is the dielectric relative permittivity.
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4.5

Validation of FSIPM and FEM
To make sure the accuracy of these two methods, a simple 0-3 cubic particle model

was employed to validate, in which the volume fraction of ceramic is set as 20%. The
simulation conditions including system size, number of simulation grids, and boundary
conditions etc. were all set as that previously defined in each method, respectively.
The comparison of spatial distribution of electric displacement and stress field in the
x-z plane were presented in Fig. 4.8. Similar contours for these two fields obtained from
FSIPM and FEM, respectively, can be observed. A large electric displacement was induced
in the dielectric cubic due to the high dielectric constant κ of BTO ceramics compared with
that of polymer as shown in Fig. 4.8(c) and (d). What is more, typical stress concentration
can be seen in the phase interfaces between ceramic and polymer phase as depicted in Fig.
4.8(a) and (b).
In terms of piezoelectric performance including effective piezoelectric charging
constant d31, d32, d33 and relative permittivity ε33, as expected, they also agree well with
each other with differences no more than 1% as depicted in Fig. 4.9. The computation time
of FSIPM is less than that of FEM, although not significantly different due to the small
system size of this simulation.
Therefore, the conclusion could be made that the FSIPM and the FEM agree well with
each other and the FSIPM is faster in solving the mechanical and electrostatic equilibrium
equation than FEM, especially with the increasing of system size [33].
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(a)

(b)

(c)

(d)

Figure 4.7

Comparison of the spatial distribution field of electric displacement and
strain field between FSIPM and FEM. (a) and (c) are the fields of stress and
electric displacement calculated by FEM. (b) and (d) are the corresponding
fields calculated FSIPM.

Figure 4.8

Comparison of the effective piezoelectric properties obtained by FSIPM and
FEM at the 20% volume faction of ceramics, where the unit for piezoelectric
charge constants is pC/N.
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EXPERIMENTAL ANALYSIS
TPC piezocomposites with different phase interfaces and volume fractions were
fabricated using the SEPS process. Three volume fractions of the ceramic were selected
for each type of phase interface, including 44%, 50% and 56%. Parameter t corresponding
to each volume fraction and phase interface is given in Table 5.1. Nine samples were
fabricated for the experimental analysis in total.
The piezoelectric responses of each sample were measured under pressing mode as
follows. A sample being measured was first loaded onto a homemade linear pressing
station. A probe in the linear pressing station was controlled to press the sample for a given
distance at a speed of 5 mm/s. The ratio between the given pressing distance and the
original thickness of the sample is defined as strain. Three strain values were used in the
experiments, including 3.33%, 6.67% and 10%. After that, the sample was released, and
its voltage responses were recorded via an oscilloscope.
Table 5.1

Parameter t for selected phase interfaces and volume fractions
TPC type

44%

50%

56%

SC

-1

-0.5

0

BCC

-0.7

-0.5

-0.2

FCC

0.9

0.4

-0.3
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CHAPTER VI
RESULT AND DISCUSSION
6.1

Piezoelectric responses of sintered piezoceramics
In order to evaluate the grain effects such as orientation and size distribution of grains

on effective piezoelectric charging constants d33, results were plotted with or without grain
effects, respectively, as shown in Fig. 6.1. The effective piezoelectric charging constants
d33 with no grain effects are more than 10 times of that with grain effects can be observed,
which suggests that grain effects play a dominant role in determining effective
piezoelectric charging constant compared with that porosity does.
To explain this result, firstly, as shown in Fig. 6.2(d) for isolated pores and Fig. 6.3
(d) for connected pores the local piezoelectric charging constants d33 of the misoriented
grains are significantly lower than that of the grains oriented in poling direction could be
the dominant reason, which can lead to significant reduction of effective piezoelectric
charging constant of the ceramics. Furthermore, the equilibrium distributions of the internal
fields of the ceramics with connected pores under an applied longitudinal electric field
were depicted in Fig. 6.2(f), the concentration of the internal longitudinal electric field E3int
can be observed near the lateral interfaces between pores and ceramic grains due to the
significant mismatch of the dielectric permittivity between them. As E3int is positive in
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pores while it is negative in BTO grains, it contributes negatively to the average
piezoelectric response  3 according to Eq. (6.1) [50].

=

1
1
di 3 ( r ) Ei ( r ) dr +  S3Ei ( r )  i ( r ) dr

V
V

(6.1)

where di 3 (r ) and S3Ei (r ) are the local piezoelectric coefficient and elastic compliance at
constant electric field, respectively, Ei (r ) is the equilibrium electric field and  i (r )
represents the induced internal stress or the inhomogeneous stress as the free stress
boundary conditions   i (r )dr = 0 is satisfied in the calculation. The internal longitudinal
electric field E3int induced by E3ext is
E3int ( r ) = E3 ( r ) − E3ext

(6.2)

With Eqs. (6.1) and (6.2), we decomposed the average piezoelectric strain  3 of BTO
ceramics into the terms due to the internal electric fields and the stresses, and analyzed the
microstructural effects associated with each field [50].
Thereby, in addition to the internal electric field, the strong inhomogeneous
distribution of  3 can be seen along the longitudinal interfaces between differently oriented
grains of ceramics Fig. 6.2(e) and 6.3(e) due to the large mismatch of d33 between them
(about 20:1), and  3 is tensile in grains with lower d33 while it is compressive in grains
with higher d33. As the compliance S33E of the well-orientated BTO grain is nearly three
times larger than that of misoriented grains,  3 should also contribute negatively to  3
according to Eq. (6.1). This effect, however, is absent in ceramics with pores Fig. 6.2 (e)
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and 6.3 (e) because pores possess zero elastic stiffness and could not impose stresses on
the neighboring BTO grains.

(a)

(b)

Figure 6.1

Piezoelectric charging constant of piezoceramics with increasing volume
fraction of porosity, where perfect indicate with no effects of grains and
pores. (a) With Grain effects. (b) No Grain effects.
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(a)

(d)

Figure 6.2

(b)

(c)

(e)

(f)

Spatial distribution of piezoelectric charging constant, stress and electric
displacement field with connected pore and grain effects. Dashed circles
indicate the stress (e) induced by mismatch of d33 between grains and internal
electric field (f) induced between grains and pores, respectively.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.3

Spatial distribution of d33, σ3 and electric displacement field with isolated
pore and grain effects. Dashed circles indicate the stress (e) induced by
mismatch of d33 between grains and electric displacement (f) induced
between grains and pores, respectively.
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One more point could be noticed is that relative permittivity is not as sensitive as the
d33 to the grain effects as shown in Fig. 6.4, the reduction of relative permittivity with grain
effects is not tremendous compared with the relative permittivity without grain effects.
(a)

(b)

Figure 6.4

Relative permittivity of piezoceramics with increasing volume fraction of
ceramic. (a) With grain effect. (b) Without grain effect.
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To explain the result, as can be observed in Fig. 6.5, unlike the distribution of d33, the
relative permittivity of differently oriented grains is not significantly disparate, the lowest
relativity permittivity is one, which is the permittivity of porosity, while largest is 1700,
the permittivity of BTO. On the contrary, for piezoelectric charging constant, the grains
oriented in negative poling direction could have opposite number d33 = −190 pC / N to
that of the grains oriented in positive poling direction. Therefore, the volume average of
relative permittivity that is effective relative permittivity was not significantly reduced.
(a)

Figure 6.5

(b)

Spatial distribution of relative permittivity. (a) Connected pores. (b) Isolated
pores.

In terms of hydrostatic performance of the ceramics, as can be observed in Fig. 6.66.7, the results with or without grain effects further validate that grain effects play a
dominant role in determining piezoelectric responses. In addition, the results of porous
BTO ceramics with no grain effects are even better than that of perfect ones, which is
seemingly counter-intuitive but may attribute to the decreased relative permittivity and
increased compliance of composites since the stiffness and relative permittivity of air is
zero and one, respectively.
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(a)

(b)

Figure 6.6

Hydrostatic performance of ceramics with isolated pore or connected pore
and with or without grain effect. Where the Perfect indicate do not consider
grain and porosity effect. (a) Hydrostatic charging constant. (b) Hydrostatic
voltage constant
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Figure 6.7

Hydrostatic Figure of merit of ceramics of isolated pore or connected pore
with or without grain effect. Where the Perfect indicate do not consider grain
and porosity effect.

As a summarization, the influence levels of different factors on piezoelectric properties
of ceramics are shown in Table 6.1.
Table 6.1

Qualitative Influence levels of different factors on piezoelectric responses

Performance Connected
pore
parameters

Isolated
pore

Grain
Effect

Anisotropy
Factor

d31

Low

Lower

High

N/A

d33

Low

Lower

High

N/A

ε33

Low

Lower

Medium

N/A

dh

Low

Lower

High

Lowest

Potential Reasons
▪

▪
▪
▪

gh

Low

Lower

High

Lowest

HFOM

Low

Lower

High

Lowest
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Relative
permittivity,
stiffness
and
piezoelectric charging
constant of air is 0, 0 and
1, respectively.
Randomness of grain
size and orientation
Connectivity difference
of pores
d31 decreased more than
d33 because of higher
stiffness in 1 and 2
directions.

6.2

Piezoelectric responses of TPC piezocomposites
Simulation results on piezoelectric properties of TPC piezocomposites are compared

in Fig. 6.8-6.13, including piezoelectric charge constant d33, hydrostatic piezoelectric
charge coefficient dh, hydrostatic piezoelectric voltage coefficient gh, HFOM, relative
permittivity к33 and anisotropy factor (−d33 / d31 ) . The results of composite level further
validated our findings in ceramic level with respect to the grain and porosity effects. The
focus to be discussed in this sub chapter is the geometric effects originating from the
geometrical differences of TPC piezocomposite. For comparison, the piezoelectric
properties of Bowen’s structure were also calculated. As can be noticed in the Figure 6.8,
a higher volume fraction of ceramics contributes to a larger piezoelectric charge constant
d33, but meanwhile results in lower hydrostatic properties (refer to Fig. 6.9-6.11). This may
attribute to a decrease in their anisotropy factor (−d33 / d31 ) [15] and an increase in their
dielectric permittivity as the volume fraction of ceramics increases (refer to Fig. 6.12-6.13).
Moreover, all the piezoelectric properties of the TPC piezocomposites with SC and
FCC interfaces increase dramatically at the volume fraction of 25%, which may attribute
to their 3D interconnectivity from that volume fraction on. Specifically, for piezoelectric
charging constant, as indicated by the dashed circles in Fig. 6.9, the d33 of SC and FCC are
inferior to the performance of Bowen’s structure, which can be explained by the fact that
their phase connectivity is not 3D interpenetrated at low volume fractions of ceramics.
Virtually, at low volume fractions of ceramics, their connectivity patterns are 0-3 or 1-3
piezocomposites as depicted in Fig. 2.2, while the connectivity pattern of Bowen’s
structure starts 3-3 interconnected. Identical phenomenon that at low volume fractions the
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piezoelectric performance of Bowen’s structure is better than that of SC and FCC can be
noticed in hydrostatic piezoelectric charging constant dh as shown in Fig. 6.9. This is due
to relatively high stiffness of the ceramic along the direction of 1 and 2 axes of the 3–3
composite, which acts to stiffen the structure in these directions and reduce d31 [15, 26],
leading to increased dh according to Eq. (4.31). It is for this reason that top and bottom
metallic cover plates are used in 1–3 composites, i.e., to stiffen the structure in the 1 and 2
directions [58].

Figure 6.8

Increasing piezoelectric charging constant with increasing volume fraction
of ceramics. The dashed circles indicate that the piezoelectric charging
constants of SC and FCC are less than the constants of Bowen’s structure,
which may attribute to insufficient 3D interconnectivity of SC and FCC at
low volume fraction of ceramics.

In addition, hydrostatic piezoelectric properties of all the TPC piezocomposites tend
to become stable at the volume fraction of 60%, as shown in Fig. 6.9-6.12. This suggests
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that the volume fractions of ceramics with the optimal overall performance are within the
range of 25%~60%, which is corresponding to configurations featuring the best
interconnectivity of ceramic and polymer phases in TPC piezocomposites, as shown in Fig.
2.2. What is more, as illustrated in Fig. 6.11, the dashed circles indicate at low volume
fractions of ceramics, the HFOM of SC and FCC with grain effect are higher than that of
Bowen’s structure, while the situation is opposite when not considering grain effect, which
could be explained by the fact that relative permittivity constants of TPC piezocomposites
are more sensitive to the grain effects than that of Bowen’s structure.

Figure 6.9

Hydrostatic piezoelectric charging constant trend with increasing volume
fraction of ceramics. For the same reason as mentioned in Fig. 6.8, at low
volume fraction of ceramics, the performance of Bowen’s structure is better
than the performance of SC and FCC
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Figure 6.10

Hydrostatic piezoelectric voltage constant trend with increasing volume
fraction of ceramics.

Figure 6.11

Hydrostatic piezoelectric voltage constant trend with increasing volume
fraction of ceramics. The dashed circles indicate at low VF of ceramics, the
performance of SC and FCC when considering grain effect are higher than
Bowen’s structure, while when do not consider grain effect, they are lower
than Bowen’ structure, which may attribute to the reduction of relative
permittivity caused by grain effect.
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Finally, all the TPC piezocomposites outperform the traditional 3-3 piezocomposites
with porous phase interface presented by Bowen [24], particularly when the volume
fraction of ceramic phase is greater than 25%. This attributes to a larger stress transfer
efficiency of triply periodic minimal interfaces than the traditional porous interface. Of
special interest, is the result that the three triply periodic minimal interfaces achieve distinct
piezoelectric properties in the TPC piezocomposites, even with the same volume fraction
of ceramics. That is, with the same volume fraction of ceramics, particularly in the range
of 25%~60%, BCC and FCC are superior to SC, which may be explained by their higher
stress transfer efficiency [26] as shown in Fig. 6.14.

(a)

(b)

(c)

(d)

Figure 6.12

Relative permittivity of TPC piezocomposite of connected or isolated pores
with or without grain effects. (a) (c) Isolated pores with or without grain
effects. (b) (d) Connected pores with or without grain effects.
49

Figure 6.13

Anisotropy factor of ceramics of isolated pores with or without grain
effects.

Figure 6.14

The stress transfer efficiency, which reflects the efficiency of piezoelectric
energy harvesting, can be indicated by the stress distribution in the
composite. Typical stress concentration is observed for all the four different
microstructures at the ceramic-matrix interface, as labeled out by the white
arrows in the figures. The stresses within the ceramics of the triply periodic
microstructures are significantly higher.
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6.3

Experimental result
The fabricated TPC piezocomposites with the configurations in Table 5.1 are shown

in Fig. 6.15. Each of the TPC piezocomposite structures has 5 periodic units along its X
and Y direction and 2 periodic units along the Z direction, as shown in the inserts of Fig.
6.15(a)-(c). One periodic unit has a dimension of 2×2×2 mm and has a phase interface
defined by the Eq (2.1)-(2.3). The overall dimension of each sample is 10×10×4 mm.
Three fabricated green parts with SC, BCC and FCC phase interfaces are shown in Fig.
6.15(a)-(c). Their volume fractions of ceramics are 44%. Debinding and sintering these
green parts yield the piezoelectric ceramic lattices shown in Fig. 6(d)-(l). Microscope
images of these ceramic lattices in XY plane and Z direction are shown in Fig. 6.15(g)-(i)
and Fig. 6.15(j)-(l) respectively. The final TPC piezocomposites after infiltrating PDMS
are demonstrated in Fig. 6.15(m).

Figure 6.15

Fabrication results: (a-c) green parts; (d-l) piezoelectric ceramic lattices; (m)
TPC piezocomposites. Scale bar: (a-f)10 mm; (g-i)1 mm; (j-l)500 um; (m)
10 mm
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The voltage responses obtained through the linear pressing station are given in Fig.
6.16. The testing procedures are shown in Fig. 6.16(a)-(d). The voltage responses of the
44% TPC piezocomposites under different strains are shown in Fig. 6.16 (e)-(g). Each of
these TPC piezocomposite components exhibits a mechanical flexibility under a strain up
to 10%. When a higher strain is applied, the components generate a higher voltage output.
Fig. 6.16 (h)-(j) show how the volume fractions of ceramics influence the voltage responses
in each type of TPC piezocomposites. The same strain of 10% was applied to each sample.
The experimental results indicate that a lower volume ratio of ceramics appears to yield a
higher voltage response, which agrees well with numerical simulation results. Potential
reasons are that a lower volume fraction of ceramics introduces a higher ratio of flexible
polymer, leading to a lower relative permittivity and a better load transfer.
TPC piezocomposites with different phase interfaces are compared under different
strains, as depicted in Fig. 6.16 (k)-(m). The volume fraction of ceramics is set as 44%. It
can be observed that BCC and FCC interfaces result in a greater voltage response than SC
which is consistent with the numerical analysis discussed earlier.
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Figure 6.16

Voltage responses of TPC piezocomposites. (a-d) testing procedures. (e-g)
effects of strains. (h-j) effects of volume fractions of ceramics. (k-m) effects
of phase interfaces.
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CHAPTER VII
CONCLUSION
A novel two-scale model including ceramic grain and composite scale was employed
to calculate the effective piezoelectric properties of TPC piezocomposites by incorporating
the complex microstructural features contained in the sintered ceramics skeletons,
including differently oriented grains, grain size distribution and types of residual pores.
Widely adopted phase-field grain growth model was used to regenerate these
microstructural features. The effective properties of sintered BTO ceramics calculated by
FSIPM were subsequently input into the composite scale, where finite-element method,
which can capture the geometrically nonlinear response of the microstructures subjected to
the external stimuli and predict material nonlinearity, e.g., hyperelastic and plastic behavior
of the microstructures, was adopted to predict the effective piezoelectric performance of
TPC piezocomposite.
The results show that high textured grains are the most significant design factor for
superb piezoelectric performance, which explains why high textured ceramics have
significantly better performance than ceramics with randomly orientated grains do [50].
Another significant finding, which is seemingly counter-intuitive, is that pores are not
always harmful, in the case of highly textured ceramics, they especially connected pores
as another phase could even enhance hydrostatic performances such as hydrostatic
piezoelectric charging constant.
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In addition, compared with state-of-the-art piezoelectric materials, the presented TPC
piezocomposites have a superb property combination of piezoelectricity and mechanical
flexibility due to their significant high stress transfer efficiency, which shows their great
potential both in hydrostatic hydrophone and underwater acoustic applications.
Moreover, our simulation framework can accurately predict the piezoelectric charging
coefficient d33 and hydrostatic performance coefficients of the polymer-ferroelectric
ceramic composite.
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CHAPTER VIII
FUTURE WORK
For

more

statistically

meaningful

results,

more

experimentally

obtained

microstructural images at different process parameters are necessary, which will provide
better guidance for process improvement and piezoelectric property optimization.
Moreover, during polymer infiltration process, perfectly matched interface between
polymer and ceramic phase would be extremely difficult, therefore, considering the
interface effect between ceramic and polymer phase on the piezoelectric performance
would be another further work.
Finally, process optimization through experiment would be another task as shown Fig.
8.1 to fabricate finer composite system.

Figure 8.1

Fabricated 3D interconnected piezoelectric composites with a dimension of
10×10×4 mm3: (a) sparse composite system and (b) fine composite syste
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